provide the greatest diagnostic and prognostic accuracy. Scores can provide physicians with a second opinion, which could decrease the number of patients with coronary artery disease (CAD) who are missed and reduce the number of patients without CAD who undergo costly diagnostic tests. Treadmill scores can also assist physicians in estimating prognosis and in formulating an appropriate course of action for managing patients.
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Besides improving diagnostic and prognostic accuracy, scores eliminate physician bias and lessen the variability of decision making. 2, 3 Physicians often make clinical decisions on the basis of personal experience and heuristics 4 rather than a rational decision-making process. Still, physicians tend to rely more on the results of expensive tests such as exercise nuclear imaging or echocardiography. Treadmill scores have been shown to perform as well as or better than these tests, 5, 6 but In 1997, the American College of Cardiology/American Heart Association (ACC/AHA) guidelines first recommended the use of treadmill scores to improve the diagnostic and prognostic characteristics of the exercise test. 1 However, physicians remain uncertain as to which scores the complex nature of the scores has deterred physicians from incorporating them into their decisionmaking process. The purpose of this study was to evaluate the relative accuracy of diagnostic and prognostic treadmill scores in comparison with physician estimates, with specific reference to internists and cardiologists. We previously reported on how a consensus of scores performed compared with physician groups, 7 but in this report we also consider ST analysis alone, our simple score, 8 the Duke Treadmill Score, and we add severe CAD and death as end points for prediction.
Methods
Patients were selected from a database of the last 2000 consecutive male patients who underwent clinical evaluation, exercise testing, and coronary angiography at the Long Beach and Palo Alto Veteran Affairs Medical centers. Patients with prior cardiac surgery or interventions, valvular heart disease, left bundle branch block, >1 mm ST-segment depression, or Wolff-Parkinson-White syndrome on their resting 12-lead electrocardiograms were excluded from the study. Previous cardiac surgery was the predominant reason for the exclusion of patients. We then selected all patients with complete data who were evaluated for chest pain that was possibly due to coronary disease and who had coronary angiography within 4 months of the exercise treadmill test. A thorough clinical history, medications, and coronary risk factors were recorded prospectively using computerized forms at the time of exercise treadmill testing. 9 We generated data sheets with clinical and treadmill results from these patients and sent them to physicians. Completed responses were returned on 686 patients and provided the data for this study. For the diagnosis of any significant angiographic disease, patients with previous myocardial infarction (MI), by history or by diagnostic Q wave, were excluded because their diagnosis was established. A target population of 599 patients remained for estimating diagnosis of significant disease. All 686 patients were considered for evaluation of severe angiographic disease and prognosis.
Exercise testing
Patients underwent symptom-limited treadmill testing. [10] [11] [12] Visual ST-segment depression was measured at the J junction; ST slope was measured over the following 60 ms and classified as upsloping, horizontal, or downsloping if there was ≥0.5 mm depression. The ST response considered was the most horizontal or downsloping ST-segment depression in any of the 12 leads except aVR during exercise or recovery. An abnormal response was defined as ≥1 mm of horizontal or downsloping ST-segment depression. However, for the receiver operating characteristic (ROC) curve analysis, STsegment depression was used as a continuous variable and was defined as any measurement >0.5 mm depression.
No test was classified as indeterminate, 13 medications were not withheld, and a maximum heart rate target was not used as an end point. 14 The exercise tests were performed, analyzed, and reported by use of a computerized database that generates the report and stores the responses of the physicians (EXTRA, Mosby, Chicago, Ill). 15 
Coronary angiography
Decisions for cardiac catheterization were consistent with clinical practice. Coronary artery narrowing was estimated visually and expressed as percent lumen diameter stenosis. Significant angiographic CAD was defined as ≥50% luminal occlusion in one or more of the following: left anterior descending artery, left circumflex artery, right coronary artery, or their major branches, or in the left main coronary artery. Severe angiographic CAD was defined as ≥50% luminal occlusion in 3 of the previously mentioned arteries, 2 vessels when 1 was the proximal left anterior descending, or when there was left main disease. The 50% and severe disease criteria are consistent with the findings of the cooperative trialists. 16 
Patient outcome
To compare the ability of physicians and treadmill scores with estimate prognosis, the Social Security Death Index was used to determine whether the 686 patients were dead or alive. All-cause mortality was used as the end point, and the time from the treadmill test until death was calculated in months for patients who died. We did not have access to the cause of death or the occurrences of coronary events.
Patient data sheet
Patient information and treadmill test reports were generated from the database. The results of the coronary angiography were excluded from the data sheet to blind the physician interpreter. The patient data sheet provided the information traditionally used by physicians to assess whether a patient with possible CAD should undergo coronary angiography.
The studies were randomly divided into 78 groups of 12 studies. Each reviewer was sent the data sheets, a return envelope, and a cover letter that explained the goals of the experiment and guidelines on assigning a patient to high, intermediate, or low probability for coronary disease. We selected 110 "expert" cardiologists (defined on the basis of their authorship of exercise testing/angiographic studies). The experts were sent 12 studies each. A 40% response rate resulted in a total of 473 studies completed by 45 expert cardiologists, of which only 336 were used for any significant disease prediction because of 143 patients having a prior MI or diagnostic Q waves, or both.
A similar approach was taken with "random" cardiologists. The random cardiologists were nonacademic practicing cardiologists selected at random from a current membership directory for the American College of Cardiology. To distinguish them from the experts, cardiologists were selected as random if they were not associated with a university or hospital and were not fellows in training. To increase the rate of participation in the study, only 6 data sheets of the group of 12 were sent to each random cardiologist. Approximately 400 random cardiologists were sent a packet of studies. A total of 37 cardiologists responded for a return rate of approximately 10%, with 202 studies returned.
A group of "random internists" was also included for comparison. They were nonacademic practicing internists selected from the 1997 and 1998 Official Advisory Board of Medical Specialists Directory of Board Certified Medical Specialists. Those associated with a university or hospital were excluded. The randomly selected internists were then sent the same group of 6 studies that were sent to the random cardiologists. Approximately 400 random internists were sent a packet of studies. A total of 29 internists responded for a return rate of 8%, with 162 patient evaluations returned. The final 2 groups of physicians were the "local academic cardiologists" and the "local academic internists." We recruited colleagues at the Palo Alto Veterans Affairs Health Care Center (Palo Alto, Calif) and William Beaumont Hospital (Royal Oak, Mich) to participate and asked them to complete 12 studies each. Thirteen cardiologists returned data sheets on 145 patients and 27 internists returned data sheets on 272 patients. The response rates were 40% and 75%, respectively. The distribution and return rates of patient reports are summarized in Table I .
Physician participation instructions
Physicians were asked to classify the patient as high probability, intermediate probability, or low probability of having clinically significant coronary disease and severe coronary disease. We requested that the physicians make this evaluation on the basis of the following criteria for significant disease stratification:
1. Low probability, patient is reassured that symptoms are most likely not due to coronary disease 2. Intermediate probability, other tests indicated to clarify diagnosis, antianginal medications tried 3. High probability, antianginal treatment indicated, angiography may be required if severe disease is likely and an intervention is clinically warranted. The following served as criteria for severe disease stratification:
1. Low probability, patient is reassured that symptoms are most likely not due to severe coronary disease and, therefore, there is no need for additional procedures to improve prognosis 2. Intermediate probability, other tests indicated to clarify severity 3. High probability, if clinically appropriate, the patient should be informed of increased probability and advised to undergo angiography in consideration for an intervention. We also requested that physicians provide numeric percentages as their estimate of the probability that the patient had clinically significant and severe coronary disease. It was assumed that a high probability of severe disease was equivalent to an increased likelihood of mortality.
The Duke Treadmill Score
Using the Cox proportional hazard analysis, Mark et al 17, 18 originally developed the Duke Treadmill Score (DTS) as a prognostic score. However, they later validated the DTS as a diagnostic score. 19 The DTS uses 3 variables to generate the score: exercise capacity, amount of ST depression, and the angina that occurs during the exercise treadmill test. The DTS is calculated as:
Exercise time is measured in minutes of the Bruce protocol, which can be derived from metabolic equivalent of the tasks; ST depression is measured in millimeters at the J point; and the treadmill angina is coded from 0 to 2. Zero on the treadmill angina code is no angina during the treadmill test, 1 is for nonlimiting angina during the test, and 2 is for termination of the test because of angina. Using the established cut points, patients with a DTS ≤-11 were categorized as high probability; patients with a DTS ≥5 were categorized as low probability; and the patients between 5 and -11 were categorized as intermediate probability. This stratification was used for both prognosis and diagnosis.
Consensus diagnostic score
The clinical and exercise test data were put into equations included in the ACC/AHA exercise testing guidelines to generate 3 probability estimates. Variables included age, symptoms, coronary risk factors, and exercise test responses. [20] [21] [22] We averaged the 3 computer-generated probability scores to separate the population into 3 groups: low probability patients had a score of <30%, intermediate probability (30%-69.9%), and high probability ≥70%.
Simple diagnostic score
The simple score was generated at the Palo Alto Veteran Affairs Hospital for use in a male population and validated at the University of West Virginia. The simple score is calculated as shown in Figure 1 . Patients were then categorized into the high probability of CAD group if they had a score >60, low probability if the score was <40, or intermediate probability if the score was between 40 and 60. A modification was made to predict severe disease by adding 5 points for history of MI or diagnostic Q waves, or both.
Simple prognostic score
A simple prognostic score was previously developed on the basis of exercise test results and clinical data from the database of 6000 patients. 23 Using the Cox hazard function analysis, we found that the following 4 variables were independently and significantly associated with time to all-cause death: age, history of congestive heart failure (CHF), history of MI or presence of a diagnostic Q wave, and METs. Considering their coefficients, the following prognostic score was calculated as: Table I . Summary of numeric distribution of the physician groups and the number of patient forms they interpreted and returned
METs <5 (1 = yes, 0 = no), Age >65 (1 = yes, 0 = no) + History of CHF (1 = yes, 0 = no) + History of MI or Q wave on electrocardiogram (1 = yes, 0 = no)
Patients with a score of 0 were considered to have a low risk of death, patients with a score >1 were considered to have a high risk of death, and patients with a score of 1 were considered to have an intermediate risk of death.
Statistical analysis
The physician estimates and the treadmill scores on the percentage probability of both significant and severe disease were compared with the patient's angiographic results. ROC curves were used to analyze the predictive accuracy of the scores and the physician estimates by comparing the area under the ROC curve for the physician estimates and the treadmill scores with the same sample of patients. Because physician groups evaluated different patients, comparisons could only be made between the physicians and the treadmill scores for the same set of patients, not between physician groups. The higher the value for the area under the ROC curve, the better the score or physician group was at discriminating between patients with and patients without CAD.
CIs for the ROC curves were calculated to determine statistical significance between the ST analysis, physicians, and treadmill scores. The formula used for calculating the confidence interval is CI = SE × Z score.
Using a Z score to give a P value <.05 and the SEs, the CIs for all the area under the ROC curves were calculated to determine whether the differences between the area under the curves (AUCs) were statistically significant.
This same format was also used for the calculation of the predictive accuracy (PA) for physician groups, treadmill scores, and ST analysis. PA was calculated by taking cut points adjusted to match the specificity of 1 mm of ST depression. The cut points used were 70 for consensus, 50 for the simple score for any disease, 75 for severe disease, 1 for the DTS, and 1 mm for ST depression. PA is calculated by adding the number of true positives and true negatives and then dividing by the total number of patients. We then used cross tabulation with the clinical cut points and the angiographic data to calculate the PA for significant and severe disease. The difference in the PA between 2 methods (physician estimates vs ST analysis) is the difference in the number of patients correctly classified out of 100
Figure 1
The simple score for estimating the probability of angiographic CAD. For estimating severe disease, 5 points were added each for history of MI and the presence of diagnostic Q waves.
(ie, the more or less percent of patients correctly classified compared with ST analysis alone).
We compared the prognostic accuracy of physicians with the treadmill score by use of Kaplan-Meier survival analysis and Cox hazard function. With all-cause mortality as an end point, we compared the percent annual mortality of the high, low, and intermediate probability groups for the physician groups with the treadmill scores. Patients evaluated by the expert cardiologists were compared with the scores for prognosis because of the larger sample size. In addition, ROC curves were constructed for the scores and the physician's estimates.
Results
Table II describes our total patient population as well as the diagnostic subgroup. Of the entire population of 686 patients, 25% had severe angiographic coronary disease, and in the diagnostic subgroup of 599, 58% had some type of clinically significant disease. No significant differences were found in the 5 different samples sent to the physician groups.
ROC curve comparisons
ROC curves were plotted for the physician group estimates of probability, the amount of horizontal STsegment depression, the DTS, the consensus of scores, and the simple score for predicting clinically significant and severe coronary disease. Tables III and IV display the results comparing area under the ROC curve with significant and severe disease prediction data. These results show that the simple score and the consensus of scores perform similarly while discriminating significantly better than physician groups and abnormal ST depression for the prediction of significant and severe angiographic CAD. The consensus of scores and the simple score performed as well as the DTS for prediction of severe disease but performed better than the DTS for prediction of any significant disease. The DTS performed as well as or better than the physician groups and performed better than ST analysis for both significant and severe disease prediction.
Predictive accuracy
The disease prevalence did not differ significantly among groups for both significant and severe disease. Therefore, prevalence was not adjusted to calculate the predictive accuracy. 24 The data for predictive accuracy of physician groups, treadmill scores, and ST analysis for significant and severe disease are analyzed in Table V . In the table, the predictive accuracy of the ST-segment analysis was subtracted from the predictive accuracy of each score or physician group estimate. This provided the number of patients out of 100 who were correctly classified compared with the STsegment analysis. The data reveal that scores performed as well as or better than the physician groups. However, the consensus of scores did poorly for classifying patients with severe disease.
Probability classification
Patients placed at low probability are important to correctly classify because they do not require cardiac catheterization or restriction of their activities. If the patient has coronary disease and is considered low probability, an incorrect assessment of their likelihood of disease may result in a cardiac event that could have been avoided. Table VI provides a comparison among the 5 groups of physicians and the treadmill scores in the number of patients with significant and severe coronary disease who were considered low probability, divided by the total number of patients with either significant or severe coronary disease. The results reveal that treadmill scores performed better than the physicians, missing fewer patients in the low probabil- Table II . Clinical characteristics for the populations of the any significant and severe disease analyses ity classification compared with ST analysis alone. The exception is the DTS, which tended to miss more patients with any significant disease.
Prognostic results
The annual all-cause mortality rate for the population was 2%. ROC curves were plotted and the AUC was calculated for the prognostic scores and the physician group estimates of severe disease. The AUC of the scores and the expert cardiologists were not significantly different. All of the other physician groups (probability stratification not tabulated) had AUCs consistent with no discrimination (0.46 for the academic cardiologists, 0.53 for the academic internists, and 0.45 for the random cardiologists, except for the small group of random internists with an AUC of 0.66 [0.48-0.77]). Because of these poor results and small sample size, further analysis was concentrated on the expert cardiologists.
The patients classified into high, low, and intermediate probability groups by the expert cardiologists and the prognostic scores along with all-cause mortality The greater the AUC, the better the score or the physician group was at discriminating between patients with and without disease. Comparisons should only be made within each column. The greater the AUC, the better the score or the physician group was at discriminating between patients with and without disease. Comparisons should only be made within each column. The number of patients more or less (out of 100) classified correctly compared with ST analysis alone is selected on the basis of using predictive accuracy calculations. Predictive accuracy is the percent of true calls (TP + TN) out of those tested. Comparisons should only be made within each column between any versus any and severe versus severe. The greater the number, the more patients correctly classified compared with ST analysis alone. any, Any CAD analysis; severe, severe CAD analysis. Table V . The number of patients out of 100 that can be correctly classified relative to using ST-segment analysis alone for both any significant and severe disease (any/severe) by physician estimates or scores data were analyzed with Kaplan-Meier survival analysis. Table VII compares the mortality rates of the different probability groups and the ROC analysis for the prognostic scores and expert cardiologists.
Discussion
The ability of scores to perform as well or better than other stress tests 5, 25, 26 brings into question whether reliance on these tests is necessary if a treadmill score can more accurately diagnose patients. The ACC/AHA guidelines recommend the exercise treadmill test as the first diagnostic procedure to be performed on patients with suspected CAD. 1 The inclusion of treadmill scores into common medical practice could decrease the number of patients with CAD who are missed and reduce the number of patients without disease who are referred for more costly diagnostic tests.
Scores should not replace physician judgment, but they should be used as an aid to the physician. By providing a second opinion, scores can help physicians in managing patients and decrease the number of patients with coronary disease who do not receive proper medical care. 27 It has been suggested that the limited use of treadmill scores in the clinical setting may be due to the complex nature of the multivariate equations that scores usually require. Most of the scores we have compared in this study are easy to calculate and rely on fewer variables than the equations recommended by the ACC/AHA guidelines. In fact, these simple scores did as well or better than the consensus of scores, which requires computerization.
Only 3 other studies have compared scores with physician estimates of disease. Detrano et al 27 performed one of the first such studies. They derived a score for estimating probabilities of significant and severe coronary disease, then validated and compared it with the assessments of cardiologists. The score performed at least as well as the clinicians when the latter knew the identity of the patients. The clinicians were more accurate when they did not know the identity of the subjects but worked from tabulated, objective data. They concluded that the application of scores or consultation with cardiologists not directly involved with patient management might assist in more rational assessments and decision making. Hlatky et al 28 Low probability of death 1% (n = 231) 1% (n = 158) 1% (n = 159) Intermediate probability of death 3% (n = 151) 2% (n = 277) 2% (n = 158) High probability of death 5% (n = 91) 6% (n = 29 considered scores for prognosis (rather than diagnosis) with 100 patients sent to 5 senior cardiologists at 1 center. Again, the scores outperformed these cardiologists. Our study was larger and included different groups of physicians, validating these earlier studies that concluded scores can predict angiographic results and prognosis as well as or better than physicians. Our study is the first to present data on both several treadmill scores and different physicians comparing their ability to predict angiographic coronary disease and mortality. This study compared physician groups with a prognostic treadmill score based on standard predictive variables. The DTS was compared even though it was derived using infarct free survival as the outcome and certainly is the ideal score for this outcome. However, it did as well as both a Veterans Affairs simple prognostic score and expert cardiologists, and better than other physician groups. Because the cut points for risk of the scores were derived in different populations, they did not equally or similarly divide our population. Nonetheless, the results reveal that the scores performed similarly to the expert cardiologists.
One limitation of this study is that the analysis was performed on an entirely male VA population. Treadmill scores have been validated in female populations, 30 ,31 but a comparison of scores and physicians with a female population should be pursued. Another limitation is that the DTS was derived on a population in which 75% luminal occlusion was considered the criteria for disease. The recommended cut points for classifying patients into high, low, and intermediate probability groups were based on the 75% occlusion criteria, which would result in lower disease prevalence. This explains the higher number of false-negative results (missed patients) when the DTS stratified patients into probability groups. Modification of the DTS cut points would result in improved classification. Another limitation of this study is the use of allcause mortality instead of coronary events and cardiac death, as well as no data on intervention or nonfatal events during follow-up.
The low return rate for the random cardiologists and random internists can be considered a limitation of this study. However, it seems likely that physicians who are confident in their ability would take the time to fill out the patient report evaluations. This should therefore favor the physician groups. The final limitations of this study are its retrospective design and workup bias.
In conclusion, treadmill scores perform as well as or better than physicians in predicting angiographic results and mortality and should be calculated as the part of the interpretation of every exercise test performed. 32 
